Background: One of the primary biomechanical factors influencing arterial health is their deformation across the cardiac cycle, or cyclic strain, which is often associated with arterial stiffness. Deleterious changes in the cardiovascular system, e.g., increased arterial stiffness, can remain undetected until the system is challenged, such as under a cardiac stressor like dobutamine. Purpose: To quantify cyclic strain in mice at different locations along the arterial tree prior to and during dobutamine infusion, while evaluating the effects of sex and age. Study Type: Control/cohort study. Animal Model: Twenty C57BL/6 mice; male, female; 12 and 24 weeks of age; n = 5 per group. Field Strength/Sequence: 7T; CINE MRI with 12 frames, velocity compensation, and prospective cardiac gating. Assessment: Prior to and during the infusion of dobutamine, Green-Lagrange circumferential cyclic strain was calculated from perimeter measurements derived from CINE data acquired at the carotid artery, suprarenal and infrarenal abdominal aorta, and iliac artery. Statistical Tests: Analysis of variance (ANOVA) followed by post-hoc tests was used to evaluate the influence of dobutamine, anatomical location, sex, and age. Results: Heart rates did not differ between groups prior to or during dobutamine infusion (P = 0.87 and P = 0.08, respectively). Dobutamine increased cyclic strain in each group. Within a group, increases in strain were similar across arteries. At the suprarenal aorta, strain was reduced in older mice at baseline (young 27.6 > mature 19.3%, P = 0.01) and during dobutamine infusion (young 53.0 > mature 36.2%, P = 0.005). In the infrarenal aorta, the response (dobutamine -baseline) was reduced in older mice (young 21.9 > mature 13.5%, P = 0.04). Data Conclusion: Dobutamine infusion increases circumferential cyclic strain throughout the arterial tree of mice. This effect is quantifiable using CINE MRI. The results demonstrate that strain prior to and during dobutamine is influenced by anatomical location, sex, and age. Level of Evidence: 3 Technical Efficacy: Stage 2
If a patient is unable to perform exercise, pharmacological surrogates such as dobutamine can be used instead. 8 The response to these challenges is assessed by measuring vital signs, the electrical activity of the heart, and/or blood biomarkers. While useful, these initial measurements can lack sensitivity 9 and do not provide spatially and temporally resolved information regarding blood vessel biomechanics that are known to play a pivotal role in vascular health and disease. Cyclic strain examines vessel deformation across the cardiac cycle and is one of the primary biomechanical factors influencing the health of arteries. 10, 11 Green-Lagrange circumferential cyclic strain (GL-strain) is a localized functional measurement of the arterial wall and is often associated with stiffness. 12 Increases in arterial stiffness, due to normal aging or the presence of disease, are known to adversely affect organ systems throughout the body. 13, 14 Magnetic resonance imaging (MRI) has been used to noninvasively quantify GL-strain in the aorta of mice. 15 Previously, we and others have shown that reductions in strain can accompany the onset of pathology. 16, 17 Loeber et al's work appears to be the sole investigation of how arterial cyclic strain might change with the administration of dobutamine. 18 Dobutamine and MRI have been applied to murine models to investigate cardiac function 19 and the venous system. 20 With the latter work demonstrating that dobutamine has little impact on GL-strain in veins, and since mice are the most common preclinical model used in the development of therapies and interventions, the purpose of this work was to quantify whether dobutamine could be used to increase GL-strain along the arterial tree in vivo in murine models.
Materials and Methods
All experiments were performed with approval from the local Institutional Animal Care and Use Committee.
Mice
Adult C57BL/6 mice were used at two ages, 11-13 weeks old (n = 5 male and n = 5 female) and 22-24 weeks old (n = 5 male and n = 5 female). The former is an age range used in a variety of CV models, 21 while the latter matches the age used in one of the most common murine models of abdominal aortic aneurysm (AAA). 15, 16 In humans, these murine ages correspond to 20 years of age (young-adult) and mid-30s (mature-adult), respectively. 22 Animals were anesthetized during imaging using 1.5% isoflurane in 1 L/min of oxygen. Heart rate (HR) was monitored with two subcutaneous ECG needles in a lead II configuration, from right arm to left leg, and respiration was monitored using a small pneumatic pillow sensor (SA Instruments, Stony Brook, NY). Core body temperature was maintained at 37 ± 0.5 C using a rectal temperature probe and a proportional-integral-derivative (PID) controller (Labview, National Instruments, Austin, TX) interfaced with a commercially available system that circulated warm air through the bore of the magnet (SA Instruments).
Dobutamine Infusion
Aliquots of dobutamine (Hospira, Lake Forest, IL) were prepared with 0.5 μg/mL in 0.9% saline and injected via a tail vein catheter at a rate of 2 μL/min (Cole Parmer, Vernon Hills, IL). This corresponds to a dosage of 40 μg/kg murine body weight per minute, based on an average murine body weight of 25 g. As used clinically, the primary goal was to elevate HR equivalently across all subjects, independent of body weight (body weights: young male 25.3 ± 1.1 g; mature male 31.0 ± 2 g; young female 23.0 ± 0.9 g; mature female 25.0 ± 0.9 g). To verify that changes observed in the vasculature were not primarily due to increases in blood volume, the same infusion (volume, rate, and duration) and MRI data acquisition procedures were repeated with saline instead.
MRI
Imaging was performed at 7T field strength using a Direct Drive console (Agilent Technologies, Santa Clara, CA). Animals were imaged in the supine position using a 40-mm diameter transmitreceive RF volume coil (Agilent Technologies). Coronal and sagittal 2D gradient echo images were acquired ventral and perpendicular to the spine, respectively, to locate the kidneys and cervical curve as anatomical landmarks. Then, coronal maximum intensity projections derived from 3D gradient echo data were used to plan 2D CINE acquisitions perpendicular to each vessel of interest (Fig. 1A,B) . Twelve CINE ECG-gated images were acquired during a cardiac cycle, using a gradient echo pulse sequence with flow compensating gradients in the slice selection / flow direction (Fig. 1C) . CINE images were acquired at four locations. Common carotid artery images were acquired rostral to the curvature of the cervical spine. Suprarenal abdominal aorta images were acquired above the renal arteries and the superior mesenteric artery (SMA). Infrarenal aorta images were acquired 5 mm above the iliac bifurcation (IB) to avoid gonadal branching vessels. Iliac artery images were acquired 3 mm below the IB. After acquiring baseline data from all four locations, dobutamine infusion was initiated. Once the HR reached an elevated steady rate, a second set of CINE images was acquired from the same four locations. The total imaging time for each animal was 110 minutes, with 40 minutes of dobutamine infusion during that time.
Cyclic strain and area of each vessel were quantified across the cardiac cycle using an in-house script (MatLab 2016, MathWorks, Natick, MA). The 512 × 512 CINE images were smoothed using a narrow Gaussian filter, reducing random noise at the small cost of spatial resolution. The smoothed images were then upsampled to more easily assign a voxel as either belonging to the vessel or lying outside of it. This assignment was made using an intensity threshold of 50% of maximum signal intensity in a user-defined region of interest (ROI) within the vessel lumen. Our automated boundaryfinding MatLab routine identified voxels in the vessel using an iterative search algorithm. With marked voxels belonging to the lumen, the vessel boundary was defined as the path through the outermost voxels and was displayed on top of the image. The user could then accept or correct the boundary depending on the automated boundary quality. The Cartesian coordinates of the finalized boundary were transformed to polar coordinates about the center of the vessel, and the resulting boundary curve was fitted to a six-term Fourier series. The resulting fit parameterized the smoothly varying and continuous boundary for the vessel in each image. Using this fit, vessel perimeter and area were calculated by polar integration. This process was repeated for each individual CINE frame spanning the cardiac cycle.
Cyclic Strain and Average Area GL circumferential cyclic strain was calculated as:
where P i is the perimeter in the given CINE frame (i = 1 -12) and P dias is the minimum perimeter at end diastole. GL circumferential strain is proportional to changes in area when the expansion preserves the vessel's shape, for example, when a vessel boundary remains circular as it expands and recoils through the cardiac cycle. For such a shape-preserving expansion, a strain value of 50% corresponds to a doubling of cross-sectional area across the cardiac cycle. Maximum cyclic strain was calculated at baseline and during infusion of dobutamine, with the absolute change in cyclic strain between baseline and dobutamine used to assess response. Secondary to cyclic strain, area averaged across the cardiac cycle was calculated at baseline and during dobutamine, to compare the vascular response to dobutamine to previously studied cardiac responses. To compare the response across groups and locations, the relative change in average area was calculated for each mouse to account for potential differences in the size of anatomical structures:
Statistical Analysis
All statistical analysis was performed using GraphPad Prism (v. 7, GraphPad Software, La Jolla, CA). Data were plotted and reported FIGURE 1: Representative data from the four anatomical locations investigated. A: Coronal maximum intensity projection from a multiple thin slab 3D acquisition. B: Single cross-sectional CINE frame from each anatomical location studied (shown on the same scale). C: Twelve CINE frames from the infrarenal aorta of a young male mouse. Dotted circles represent the perimeter of the vessel at diastole and are shown in each image to visualize vessel expansion across the cardiac cycle. Solid arrows are shown for enddiastole and the dotted arrow represents peak-systole.
as mean ± standard error (SEM). Within each group, repeatedmeasures analysis of variance (ANOVA) with Tukey's post-hoc test was used to evaluate the influence of location on maximum cyclic strain (at baseline, during dobutamine, or the difference between dobutamine and baseline) or relative change in average area. Also within each group, two-way ANOVA with a Bonferroni's post-hoc test was used to evaluate the effect of dobutamine on maximum cyclic strain or average area. At a given anatomical location, two-way ANOVA with a Bonferroni's post-hoc test was used to determine the effects of sex and age on maximum cyclic strain (at baseline, during dobutamine, or difference between dobutamine and baseline) or the relative change in average area. Differences were considered statistically significant at P < 0.05.
Results
Heart Rates Did Not Differ Between Groups At baseline, HR did not differ between groups (young male, 496 ± 29; mature male, 508 ± 20; young female, 496 ± 19; mature female, 516 ± 15 bpm; P = 0.87). Dobutamine resulted in an 18% increase in HR (baseline vs. dobutamine: 506 ± 10 vs. 597 ± 5 bpm, P < 0.0001). HR during dobutamine did not differ between groups (young male, 585 ± 10; mature male, 612 ± 12; young female, 581 ± 2; mature female, 601 ± 6 bpm; P = 0.08). The absolute difference in HR between dobutamine and baseline was not different between groups (young male, 89 ± 14; mature male, 104 ± 23; young female, 84 ± 18; mature female, 85 ± 14 bpm; P = 0.86).
Increases in Circumferential Cyclic Strain With Dobutamine
Cyclic strain waveforms acquired from the infrarenal aorta of all mice, at baseline and during dobutamine, are displayed in Fig. 2 . The baseline and dobutamine maximum strain values for each location and group are plotted in Fig. 3 . Saline infusion resulted in a small increase in maximum strain of the young male infrarenal aorta with an increase of only 3% due to saline, compared to an increase of 21% with dobutamine (data not shown).
At baseline, maximum strain was independent of location except for an overall effect in young females, where it steadily decreased cranial-to-caudal (P = 0.03). Neither age nor sex affected baseline maximum strain at the carotid (P = 0.57; P = 0.66) or iliac (P = 0.68; P = 0.25) locations. Age, but not sex, had a significant effect on baseline maximum strain at the suprarenal location, with young mice having a higher baseline strain compared to mature mice ( Fig. 3B : young 27.6 ± 2.6% > mature 19.3 ± 1.3%; P = 0.01). For baseline maximum strain at the infrarenal location, the effects of age and sex were not independent ( Fig. 3C : young male 19.8 ± 1.1% < mature male 22.9 ± 1.9%; young female 21.0 ± 1.7% > mature female 17.4 ± 1.3%; P = 0.05).
Comparing baseline to dobutamine within each group, there was an overall effect on maximum strain values for all groups when dobutamine was administered. At the carotid artery, there were statistically significant differences between means within the groups of young (Fig. 3A , P = 0.001) and mature (P = 0.005) male mice. At the suprarenal aorta, there were differences between means within every group (Fig. 3B : young male, P = 0.002; mature male, P = 0.0003; young female, P < 0.0001; mature female, P = 0.03). At the infrarenal aorta, there were differences between means within the groups of male mice ( Fig. 3C : young, P = 0.007; mature, P = 0.003) and young females (young, P = 0.0004; mature, P = 0.15). At the iliac location, there were differences between means within the groups of mature mice ( Fig. 3D : male, P = 0.002; female, P = 0.03).
During dobutamine, maximum strain was independent of location within each group. Neither age nor sex affected dobutamine maximum strain at the carotid (P = 0.5; P = 0.3), infrarenal (P = 0.08; P = 0.9), or iliac locations (P = 0.5; P = 0.4). However, at the suprarenal location young mice had a higher dobutamine maximum strain compared to mature mice ( Fig. 3B : young 53.0 ± 1.6% > mature 36.2 ± 1.6%; age, P = 0.005; sex, P = 0.9).
The difference in maximum strain (dobutamine -baseline) was calculated, as visualized in Fig. 4 . The difference in maximum strain was independent of location within each group. Neither age nor sex affected the difference in maximum strain at the carotid (P = 0.30; P = 0.19), suprarenal (P = 0.08; P = 0.40), or iliac (P = 0.20; P = 0.99) locations. At the infrarenal location, young mice had a larger increase in strain compared to mature mice (Fig. 3C : young 21.9 ± 2.9% > mature 13.5 ± 0.6%; age, P = 0.04; sex, P = 0.55).
Decreases in Cross-sectional Area With Dobutamine Area waveforms acquired from the infrarenal aorta of all mice, at baseline and during dobutamine, are displayed in Fig. 5 . The baseline and dobutamine average area values for each location and group are plotted in Fig. 6 .
At baseline, average area was independent of age and sex at the carotid (P = 0.8; P = 0.4), suprarenal (P = 0.7; P = 0.2), and iliac (P = 0.6; P = 0.9) locations. Age (P = 0.02), but not sex (P = 0.4), had a significant effect on baseline average area at the infrarenal location, with young mice having higher baseline average areas compared to mature mice ( ; age, P = 0.02). Comparing baseline to dobutamine within each group, except for mature males (P = 0.07), there was an overall effect on average area when dobutamine was administered (young male, P = 0.02; young female, P = 0.004; mature female, P = 0.02). At the suprarenal aorta, except for mature males, there were statistically significant differences between means (Fig. 5B : young male, P = 0.04; young female, P = 0.01; mature female, P = 0.05). End-diastolic area decreased more than peak-systolic area in all groups (data not shown; young male, P = 0.001; mature male, P = 0.0002; young female, P = 0.002; mature female, P = 0.04).
During dobutamine, neither age nor sex had an effect on average area at the carotid (P = 0.36, P = 0.81) and suprarenal locations (P = 0.86, P = 0.14; Fig. 6A,B) . Sex, but not age (P = 0.6, P = 0.88), had a significant effect on dobutamine average area at the infrarenal and iliac locations, respectively, with male mice maintaining larger areas compared to female mice (infrarenal: , P = 0.05). The relative change in average area was calculated, as visualized in Fig. 7 . The relative change in average area was independent of location within each group. Neither age nor sex had an effect at the carotid (P = 0.1; P = 0.4) and suprarenal (P = 0.8; P = 0.052) locations. However, age and sex had a significant effect at the infrarenal location, with larger relative decreases in both young mice compared to mature mice (young, -0.24 ± 0.09; mature, -0.12 ± 0.06 mm 2 ; P = 0.01) and females compared to males (male, -0.10 ± 0.04; female, -0.26 ± 0.07 mm 2 ; P = 0.002). Additionally, sex had a significant effect on the relative change in average area at the iliac location, decreasing more in females compared to males (male, -0.08 ± 0.04; female, -0.21 ± 0.01 mm 2 ; P = 0.0007). To illustrate their relationship, change in maximum strain and relative change in average area are plotted together for each group in Fig. 8 . In general, greater relative reductions in area coincided with greater increases in maximum strain. For male mice and the mature female group, the location with the largest relative decrease in area corresponded to the largest increase in maximum strain (young male, carotid artery; mature male, suprarenal aorta; mature female, iliac artery). In young female mice the largest relative reduction in area was at the infrarenal aorta, while the largest increase in maximum strain was at the suprarenal aorta.
Discussion
We have confirmed that dobutamine can be used to increase GL circumferential cyclic strain throughout the arterial tree of murine models. Furthermore, we quantified location-, sex-, and age-dependent differences in strain at baseline and due to the administration of dobutamine. Using minimally invasive strategies, which are translatable to the human condition, 23 we are able to provide innovative data relevant to locationspecific cardiovascular pathophysiology, address lack of sex diversity in preclinical investigations, 24 and further highlight the need to consider age as an experimental variable in preclinical models of CV disease. 21 Circumferential cyclic strain is emerging as a reproducible, localized metric of arterial wall biomechanics in smallanimal preclinical models. Here, our baseline maximum strain measurements in the carotid artery of young male mice match others' ultrasound data well (23.8% vs. 25-31%).
17 Suprarenal and infrarenal baseline maximum strain measurements in mature males agree with previous MRI results acquired at a different field strength and laboratory (suprarenal: 20.7% vs. 19.1%; infrarenal: 22.9% vs. 23%). 15 Young male data from the infrarenal aorta compared favorably with previous ultrasound data (19.8% vs. 15.7%). 25 The observation from these studies that the infrarenal strain in young males is lower than mature males is pertinent to the baseline results discussed below. Lastly, our current results also agree with previous studies in mice which showed no difference in cyclic strain between the suprarenal and infrarenal aorta at rest. 15 Interestingly, to date, murine results from the carotid artery are higher than values derived from human subjects (15% by CINE MRI at 3T). 26 This will require further investigation but could be related to differences in posture between species (biped vs. quadruped), the number and composition of elastic lamellar units within the media, or pressure wave propagation. 27 In comparison, the magnitude of strain in the healthy, adult, infrarenal aorta at rest has been shown to be invariant across species. 25 Although the arteries investigated here spanned the length of the murine body, all are classified as large elastic arteries that act to dampen pulsatility in order to provide steady flow at the capillary bed. The location-dependent strain results seen in young female mice at baseline may be indicative of an interaction between vessel length and reflected waves, as observed in humans. 28 Otherwise, our findings show that elastic arteries along the arterial tree in mice, within the given sex and age ranges studied here, exhibit comparable strain values at baseline and during dobutamine. It will be important to determine whether this is true in humans because variations in cyclic strain along the arterial tree has implications for the integration of medical devices, vascular grafts, and tissue engineered blood vessels. Regarding the last, the application of cyclic strain has been shown to improve strength and vasoreactivity of tissue constructs. 29 The higher strain values we observed during dobutamine could be used to evaluate if additional biomechanical stimuli further improve construct characteristics prior to implantation.
Based on recent work by Raaz et al showing that localized dysfunction along the aorta can have an impact on adjacent locations, 30 age-dependent baseline strain results observed at both locations in the aorta may be related. Mature mice of both sexes had significantly lower baseline strain at the suprarenal location. However, in the infrarenal aorta of mature male mice, strain levels were greater compared to their young counterparts. This contrasting effect is not observed in female mice, where mature animals had lower strain values compared to their young comparators. The results we see in the aorta are also in opposition to human data that shows earlier age-related changes in vascular function in men, with results from women aligning with men only after menopause. 31 The effect of dobutamine was consistent, increasing strain values overall in each group. This is in opposition to Loeber et al, who showed no increases in strain in the pulmonary artery and ascending aorta of a canine model. These differences may be due to different species or anatomical locations, a lower dose of dobutamine, or the use of invasive methods. 18 Pairwise comparisons varied between dobutamine and baseline within each group. At the carotid location, male groups exhibiting a significant increase in maximum strain may reflect sex-dependent differences in the control of the baroreflex system. 32 Increases in maximum strain seen at the suprarenal aorta in every group could be explained by its position proximal to the kidneys, which are susceptible to microvascular injury if hemodynamic forces are poorly modulated. 13 The fact that mature female mice were the only group not to demonstrate a significant increase in maximum strain at the infrarenal aorta is unexpected. However, human data regarding the properties of females arteries has described the influence of changes in blood flow demands and wave reflections due to impending reductions in reproductive potential. 33 Increases in maximum strain at the iliac artery in mature but not young mice may again reflect adjacent counterbalancing effects relative to proximal locations in the aorta. 30 However, in conjunction with the angle of the iliac artery, this location begins to challenge the resolution of our system, which can lead to greater variability in data (coefficient of variation averaged across the three conditions, baseline-dobutamine-change: carotid 39%, suprarenal 29%, infrarenal 27%, iliac 42%). Two patterns of age-dependent differences in the aorta of mature mice were observed when comparing maximum strain values during dobutamine and evaluating the vascular response as (dobutamine -baseline). At the suprarenal location, mature mice had significantly smaller maximum strain values during dobutamine, while the vascular response was not different between young and mature mice. This implies that the shift of the suprarenal aorta up the stress-stretch curve during the administration of dobutamine is not dependent on an animal's age. However, because vascular function is compromised to begin with (i.e., lower baseline strain in mature mice, discussed above), the functional state during dobutamine remains reduced compared to younger animals (i.e., lower dobutamine strain in mature mice). The second pattern seen in the infrarenal aorta included sex-based differences at baseline (discussed above), no differences during dobutamine, and a reduced vascular response in mature groups. These data suggest that the mature infrarenal aorta is unable to mount a similar response compared to younger animals. Although exercise and dobutamine have similar and disparate effects (e.g., both increase cardiac output and decrease peripheral resistance, while exercise increases blood pressure and dobutamine decreases or does not change it), our results provide additional context regarding the use of physical activity to alter biomechanics of the vessel wall, in addition to hemodynamic conditions, in order to treat aortic disease. 34 In contrast to the standard notion that aortic diameter increases with age in humans, the average cross-sectional area at baseline was larger in the infrarenal aorta of young animals. However, some have suggested that this age-dependent enlargement in humans may be specific to the upper percentiles of the population. 35 Alternatively, bipedal posture may have a differential influence on geometry of the aging aorta. Previous work evaluating the cardiac response to dobutamine in mice showed decreases in left ventricle end-diastolic and peak-systolic volumes. 19 We show a downward shift in left ventricle volume is paralleled in the vasculature by a decrease in average arterial cross-sectional area, with diastolic area decreasing more than systolic area. The fact that only mature male mice lacked an overall effect on area from the administration of dobutamine and also lacked a significant reduction in area at the suprarenal aorta, in particular, is intriguing given the greater propensity for male mice to develop angiotensin-II-induced suprarenal dissecting AAAs. 36 Notably, this lack of response in mature males as measured by area is coupled with cyclic strain also being lower at the suprarenal aorta in mature mice, at baseline, and during the infusion of dobutamine. During the infusion of dobutamine, average crosssectional areas at the infrarenal aorta and iliac artery were smaller in female mice. Similarly, the relative reduction in areas of the infrarenal aorta and iliac artery were greater in female mice than males. Thus, the vessels in male mice at these locations are left in an enlarged state. Additionally, the relative reduction in area at the infrarenal aorta was greater in young animals. This suggests that mature male mice may be exhibiting deleterious effects based on both sex and age, which is consistent with previously published results from mice 37 and humans. 31 Evaluating cross-sectional area alone provides little sense of how deformation across the cardiac cycle is impacted. And, conversely, area data suggest possible reasons for reduced strain in the older murine aorta. With the administration of dobutamine, mature animals tend to have smaller decreases in area. Thus, on average, the vessel is left in an enlarged state and the resulting reduction in strain values demonstrates we are beginning to disrupt the vessel's ability to deform during the cardiac cycle in the same manner as young counterparts. Although other studies have not addressed the relationship between changes in strain and area directly, murine 17, 37 and human data demonstrate a similar relationship between larger area and reduced strain that we observe with dobutamine. Geometric changes have long been a foci with respect to aortic disease. 35 The integration of structural changes (area) with their subsequent impact on vessel wall function across the cardiac cycle (strain) could provide an improved metric. With respect to limitations of the work presented here, changes in stroke volume or blood pressure may be occurring. However, when dobutamine is used clinically the goal is to reach 85% of a patient's age-predicted maximal heart rate irrespective of blood pressure, although the latter is likely to be monitored. We confirmed that the clinically relevant cardiac response of increase in HR was similar between groups. The dose of dobutamine used here was chosen to match the maximum clinical dose used to achieve the desired HR increases 8 and to allow for comparisons to previously documented outcomes in murine models. 19 Due to differences in metabolic rates, we did not expect to reach the same fractional increase of HR in mice. The complex physiological response to the administration of a racemic mixture of dobutamine 38 typically results in minimal or hypotensive effects in animal models 19 and humans. 8 The effects of anesthesia on measurements of cyclic strain also need to be considered. For example, isoflurane may reduce cyclic strain due to its vasodilatory effects (i.e., an enlarged vessel has a reduced ability to deform across the cardiac cycle). Therefore, we would hypothesize that performing these measurements in awake humans would result in either similar or greater effects. Differences between groups of mice that are 15-20 years apart in human years (murine ages selected to match common ages used in the field) is not surprising, given the acknowledged declines in performance per decade of life in humans. 39 However, older cohorts should be evaluated in future studies, along with a continued focus on sex differences. Lastly, although voxels are anisotropic, 1-mm slice thickness retains signal-to-noise while providing a localized measurement that minimizes partial voluming effects (e.g., due to curvature) by planning slices perpendicular to the vessel using 3D acquisitions (Fig. 1A , scale bar for reference).
In conclusion, just as the clinic has leveraged dobutamine to uncover deficits that may remain undetected at rest, the intent of this study was fulfilled by confirming that dobutamine could be used to increase GL-strain throughout the arterial tree in mice, the most common preclinical animal model used as a proxy for the human condition. Novel findings include differences in strain based on location or sex. Combined with previous findings using reactive hyperemia and hyperthermia to challenge the older murine CV system, 37,40 our body of work clearly illustrates that, like the human condition, 7 healthy mice are not immune to the challenges aging imposes. Therefore, just as sex diversity in preclinical studies has come to the forefront as a critical experimental parameter, 24 so too should the age of mice when modeling CV diseases associated with aging in humans. Lastly, numerous biochemical pathways that are induced by cyclic strain have been identified. 10, 11 However, the majority of this foundational work was performed and has remained in vitro. The methods presented here might be used to investigate hypothesized genetic and molecular factors involved in how changes in strain contribute to a healthy or diseased vascular system by using transgenic mice in conjunction with more specific reagents.
